Stress responses of roots of rutabaga (Brassica napus ssp. napobrassica) and turnip (B. rapa ssp. rapa) were analyzed. Phytoalexin production due to biotic elicitation by the biotroph Albugo candida and abiotic elicitation using UV irradiation was quantified by HPLC. The phytoalexin rutalexin was produced in substantially higher amounts in rutabaga and turnip roots inoculated with A. candida than in UV irradiated roots. By contrast, production of the phytoalexins brassinin in rutabaga and cyclobrassinin in turnip was higher in UV irradiated roots than in roots inoculated with A. candida. Overall, the results suggest that A. candida is able to redirect the phytoalexin biosynthetic pathway towards rutalexin, a phytoalexin substantially less inhibitory than either brassinin or cyclobrassinin.
Biotrophic pathogens such as Albugo candida (Pers. ex Chev.) Kuntze are capable of penetrating and colonizing plant host tissues in ways that prevent immediate recognition by the host. For example, biotrophs can induce the production or suppression of different proteins in the host, and suppress induced resistance mechanisms such as phytoalexin production and hypersensitive host cell death [1, 2] . Phytoalexins are antimicrobial metabolites produced de novo by plants in response to biotic or abiotic stress whereas phytoanticipins have a similar function but are constitutive metabolites [3, 4] . A number of races of A. candida, an important microbial pathogen of many crucifer species [5, 6] have been identified and classified based on specific pathogenicity to different Brassica species and cultivars.
Considering the negative impact of A. candida on the development of economically important oilseed crops, it is of great interest to understand the molecular processes involved in the plant-pathogen interaction. Recently, we have shown [7] that with respect to the accumulation of phytoalexins and phytoanticipins, leaves of B. rapa have a different response to virulent and avirulent races of A. candida. In addition, the phytoalexin and phytoanticipin profiles in leaves infected with virulent races differed substantially from those of leaves subjected to abiotic stress. In particular, the phytoalexin rutalexin (1) was produced in larger amounts in tissues under biotic stress, whereas the phytoalexins cyclobrassinin (2) and brassilexin (3) were produced in larger amounts under abiotic stress [7] . To evaluate the significance and potential generalization of these results, roots of rutabaga (Brassica napus ssp. napobrassica (L.) Hanelt) and turnip (B. rapa ssp. rapa L.) were incubated with A. candida and analyzed. These tissues provide clear metabolite profiles and thus are very useful to investigate pathways related to defense mechanisms involving phytoalexin biosynthesis [8] [9] [10] .
Rutabaga roots were either incubated with A. candida races 2V and 7V or irradiated with UV light and the tissues were extracted as described in the experimental; control tissues were extracted similarly. The HPLC-DAD chromatograms of the organic extracts of rutabaga tissues inoculated with A. candida showed several peaks not present in the HPLC-DAD chromatograms of control extracts. Comparison of the HPLC-DAD data (retention times and UV spectra) and MS spectra of these peaks with those of compounds available in our library [11] indicated the presence of known phytoalexins and other metabolites. In agreement with previous work [12] , several phytoalexins were detected in UV irradiated rutabaga extracts: brassicanate A (4), brassinin (5), cyclobrassinin (2), 1-methoxybrassinin (6), rutalexin (1), and spirobrassinin (7) , as well as the phytoanticipins 1-methoxyindolyl-3-acetonitrile (8) and indolyl-3-acetonitrile (9) ( Figure 1 ). Cyclobrassinin (2) and 1-methoxybrassinin (6) eluted together using solvent system A; however these peaks could be separated and quantified using the solvent system B. All known metabolites were quantified using calibration curves built for the purpose. The aqueous extracts were found to contain mainly the known glucosinolates (phytoanticipins) glucobrassicin, 4-methoxyglucobrassicin and 1-methoxyglucobrassicin (structures not shown), similar to aqueous extracts of control rutabaga roots, albeit in higher amounts [13] .
Rutabaga roots inoculated with A. candida races 2V and 7V contained substantially higher amounts of rutalexin (1, 150-250 nmol/g of fresh tissue) than extracts of UV irradiated roots (<5 nmol/g of fresh tissue, Figure 2 ). By contrast, brassinin (5) was produced in substantially higher amounts in UV irradiated rutabaga roots than in roots inoculated with A. candida races 2V or 7V. A. candida race 2V elicited higher amounts of phytoalexins in roots of rutabaga than race 7V ( Figure 2 ). Experiments using roots of turnip inoculated with A. candida races 2V and 7V and stressed with UV irradiation were carried out as described for rutabaga; control roots were treated in a similar manner, but without microbial inoculation or UV irradiation. Organic and aqueous extracts were analyzed by HPLC-DAD. The phytoalexins brassinin (5), brassilexin (3), cyclobrassinin (2), rutalexin (1), and spirobrassinin (7) , and the phytoanticipins indolyl-3acetonitrile (9) and 1-methoxyindolyl-3-acetonitrile (8) were detected in HPLC-DAD chromatograms of turnip roots inoculated with A. candida races 2 V and 7V and UV irradiated. Similar to rutabaga roots, turnip roots inoculated with A. candida races 2V and 7V contained substantially higher amounts of rutalexin (ca. 70 and 15 nmol/g of fresh tissue, respectively) than UV irradiated roots (<2 nmol/g of fresh tissue). Contrary to rutabaga roots, cyclobrassinin (2) was produced in larger amounts in UV irradiated turnip roots (ca. 110 nmol/g of fresh tissue) than in turnip roots inoculated with A. candida races 2V (60 nmol/g of fresh tissue) or 7V (5 nmol/g of fresh tissue). A. candida, race 2V elicited higher amounts of phytoalexins in roots of turnip than race (1), and spirobrassinin (7), and phytoanticipins indolyl-3-acetonitrile (9) and 1-methoxyindolyl-3-acetonitrile (8) (nmol/g of fresh tissue) produced in turnip roots after elicitation with Albugo candida races 2V and 7V and UV irradiation. 7V (Figure 3 ). The aqueous extracts contained mainly the known glucosinolates glucobrassicin, 4methoxyglucobrassicin and 1-methoxyglucobrassicin, similar to aqueous extracts of control turnip roots, albeit in higher amounts [7, 13] .
Previously, we reported the production of eight phytoalexins, including brassilexin (3), in rutabaga roots after either abiotic (UV irradiation) or biotic (microbial infection) elicitation [12] . In the present study, cyclobrassinin (2), but not brassilexin (3), was detected in the extracts of rutabaga roots. This difference is likely to reflect the seasonal and regional variation of the rutabagas used in our experiments. It is worthy to note that, similar to previous results obtained for B. rapa [7] , this study showed that substantially higher amounts of rutalexin (1) were produced in both rutabaga and turnip roots inoculated with A. candida than in UV irradiated tissues (Figures 2 and 3) . It is particularly remarkable that the phytoalexin rutalexin (1) not known to be produced in turnip roots until now, is elicited by a biotroph in much larger quantities. In addition, while UV irradiated rutabagas produced higher amounts of brassinin (5) than inoculated roots, UV irradiated turnips produced higher amounts of cyclobrassinin (2) than inoculated roots. Importantly, previous results of the anti-oomycete activity of phytoalexins against A. candida indicated that brassinin (5) and cyclobrassinin (2) were stronger inhibitors of zoospore release and cyst germination than rutalexin (1) [7] . These results indicate that A. candida might have redirected the phytoalexin biosynthetic pathway in planta to make the less toxic rutalexin (1) instead of the more inhibitory phytoalexins brassinin (5) and cyclobrassinin (2) . Considering that rutalexin (1) is biosynthesized in planta from brassinin (5) via cyclobrassinin (2) (Figure 4 ) [4] , up regulation of a biosynthetic enzyme might be sufficient to cause changes in the phytoalexin content that could favor A. candida.
In conclusion, this work established for the first time consistent phytoalexin production in rutabaga and turnip roots in response to inoculation with the biotrophic oomycete A. candida races 2V and 7V. Higher amounts of rutalexin (1) in rutabaga and turnip roots following inoculation with races 2V and 7V than in UV irradiated roots suggest a role for rutalexin (1) and/or its biosynthetic precursors in the plant-pathogen interaction. Further studies using roots of rutabaga and turnip should provide a better understanding of the biochemical defense pathways involved in biotroph-plant interactions.
Experimental
Chromatography: All solvents were analytical grade except for high performance liquid chromatography (HPLC) grade solvents used for HPLC analysis. HPLC analysis was carried out with an HPLC system equipped with quaternary pump, automatic injector and diode array detector (DAD, wavelength range 190-600 nm), degasser and a Hypersil ODS column (5 µm particle size silica, Liquid Chromatography -Mass Spectrometry (LC-MS) data were obtained using an Agilent 1100 series HPLC system (Agilent Technologies USA) equipped with an autosampler, binary pump, degasser, a DAD connected directly to a mass detector (MSD, Agilent G2440A MSD-Trap-XCT ion trap mass spectrometer) with an electrospray ionization (ESI) source. Chromatographic separation was carried out at room temperature using an Eclipse XSB C-18 column (5 µm particle size silica, 150 mm × 4.6 mm internal diameter). The mobile phase consisted of a gradient of 0.2% formic acid in water (A) and 0.2% formic acid in acetonitrile (B) (75% A to 75% B in 35 min, to 100% B in 5 min) and a flow rate of 1.0 mL per min. Additional conditions for the MSD were as previously reported [11] .
Calibration curves of phytoalexins:
Crucifer phytoalexins with purities above 98% (HPLC-DAD and 1 H NMR) were synthesized as previously reported [4] . Calibration curves were prepared for each phytoalexin using synthetic samples dissolved in acetonitrile to prepare stock solutions, followed by serial dilutions to obtain standardized solutions of each phytoalexin. Calibration curves were prepared using peak areas of the HPLC chromatograms obtained using solvent system A or B, as necessary (system B necessary for separation of 1-methoxybrassinin and cyclobrassinin). The correlation coefficients of phytoalexin calibration curves were ≥ 0.9998.
Plant material and Albugo candida:
Roots of rutabaga and turnip were purchased from local stores. Albugo candida races 2V and 7V used in this study were obtained from Agriculture and Agri-Food Canada, Saskatoon Research Centre. The isolates were multiplied by inoculation on cotyledons and/or leaves of B. juncea cv. Commercial Brown (race 2V) and B. rapa cv. Torch (race 7V), as reported by Liu and Rimmer [14] .
Inoculum preparation and quantification:
The inoculum was prepared according to the method of Liu et al. [15] . In brief, zoosporangia (10 mg) were added to sterile distilled water (50 mL in a 100 mL Erlenmeyer flask), the flask was swirled (to suspend zoosporangia) and incubated at 16°C for 3 h (no shaking). The emerging motile zoospore suspension was kept on ice to maintain zoospore motility. Zoospores were counted under a light microscope (40×) using a haemocytometer. Prior to placing the cover glass on the spore haemocytometer, a Q-tip soaked in formalin was held near the drop of zoospores for a few seconds, to stop zoospores from moving before counting was initiated.
Biotic and abiotic elicitation of rutabaga and turnip roots:
Roots of rutabaga and turnip were sliced longitudinally (15 mm thick) and cylindrical wells were made on one surface with a cork-borer (1.6 cm diameter), as previously described (Pedras et al., , 2002 . The inoculum (suspension of zoospores, 10 4 spores/mL) of A. candida races 2V or 7V was added to each well on the tuber slices and the slices were incubated at 16°C under complete darkness. Another set of slices was UV irradiated for 20 min and incubated for three days at 16 °C, the first 24 h under complete darkness in a sealed plastic box. Experiments were conducted in triplicate using a minimum of four roots (three slices per tuber, one for control, one for inoculation and another for UV irradiation) and repeated at least three times. During the incubation period, sterile distilled water was sprayed on the roots to maintain high humidity. After 7 days of incubation, infected tissues around the wells were cut (ca. 10 mm thickness), weighed, homogenized and extracted with methanol, the extracts were concentrated to dryness and the residue rinsed with dichloromethane to yield a dichloromethane soluble fraction (1 mL per slice) and a residue soluble in methanol-water (1:1, 1 mL per slice). The UV irradiated slices were extracted similarly after three days of incubation [12] .
